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11PSRFORJvlANCE ANALYSIS AND VIBRATION STLJDY 
OF THE ''FLOVEYOR II GRAIN ELEV ATOR. II 
SUBMITTED BY: S .R. 1WEBB 
JUNE; 1968. 
ABSTRACT. 
The increased interest in bulk handling with respect to 
grain production in recent year·s has resulted in much work being 
conducted in developing new types of conveyors ta add to the 
range of already available augers, pneumatic conveyors and bucket 
elevators. 
Qne of these developments is the '1Floveyor 11 grain elevator 
which elevates short columns of grain up a tubular casing. The 
columns of grain are supported on discs which are attached at 
regular intervals to an endless cable. 
It is proposed in this thesis to study the potential of 
this type of conveyor as a working unito With this in mind 
Section 2 deals with the output rates and power requirements 
of the 11Floveyor11 and a perspex model. Theoretically predicted 
results of power are compared with test results and a 
correlation between the two is formed. A dimensional analysis of 
the system is also carried out to determine the dimensionless 
parameter on which models can be based to predict results for 
prototype conveyors of this type. These results are also compared 
with experimental ones. 
Section 3 is an analysis of the natural circular frequencies 
of the "Floveyor" system. The section commences with a vibration 
analysis of the plain string and proceeds with problems of 
increasing complexity which represent the various modes of 
vibration possible with the "Floveyor. 11 
An appendix deals with the more detailed representations 
of the vibration problems analysed in Section J. 
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NOMENGLA'l' URE. 
D diameter of driving pulleys, ins. 
F inertia force, lbs. 
H length of elevating tube, ins. 
K ratio of lateral to vertical pre ssure. 
Kl kinetic energy, ft.lb. 
L length of cable, ft. 
Lm distance between masses on cable, ft. 
L1 distance between masses on cable, ins. m 
M weight of concentrated masses, slugs. 
N speed of rotation, rpm. 
P power consumption, ft.lb./sec. 
Q grain output, in3/min. 
R tube radius, ins. 
T tension in string, lbs. 




tension on tight side of system, lbs. 
V potential energy, ft.lb. 












displacement of cable, ft. 
2 
transverse acceleration of cable, ft./sec 
elevating force, lbs. 
Lagrangian function (K,- V) 
acceleration, ft./sec
2 
grain diameter, ins. 
gravity, ft./sec
2 
grain column height, ins. 
scale factor. 
mass transfer rate, slugs /sec. 
number of discs in tube. 
time, secs, 
v longitudinal velocity of cable, ft./sec. 
initial velocity, ~./sec. 
final velocity, ft./sec. 
grain density, lb./in3 
grain density, slugs /ft. 3 
arbitrary distances from origin along cartesian axes. 
mass /unit length, slugs /ft. run. 
angle of displacement rotation, rads. 
eigenvalues of matrix. 
unit impulse or Dirac ~ function. 
natural angular frequency, rads./sec. 
coefficient of friction. 
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SECTION 1. INTRODUCTION. 
The increased emphasis on bulk handling in agricultural 
grain production has caused engineers to look more closely at the 
operating efficiency and design features of grain elevators and 
conveyors. Existing types of conveyors such as augers, pneumatic 
conveyors and bucket elevators have, in recent years, been under 
careful scrutiny by research workers and much information has 
been obtained leading to a more successful operation of these 
devices. At the same time, machinery manufacturers have been 
looking into and developing new types of grain conveyors for use 
as portable units in the field or for use in fixed installations. 
One such conveyor that has emerged as a result of these 
developments is the 11Floveyor''. 
A lt]'loveyor" grain elevator is essentially a portable type 
conveyor for use in elevating grain short distances and is 
operated in much the same manner a~ the conventional grain auger 
would be. It works on the principle of elevating short columns 
of grain up the inside of a tubular shaft. These columns of 
grain are lifted on circular discs which are attached at regular 
intervals to a continuous moving cable similar to a belt drive. 
The purpose of this thesis is to study the critical. 
vibration characteristics and the output performance of the 
"Floveyor 11 grain elevator. 
These aspects will be considered in two sections. Section 2 
will deal with the performance analysis of the conveyor and will 
involve measuring the grain output and horsepower consumptions of 
both the full size "Floveyor" elevator and a perspex model of the 
same elevator. These results are correlated with the theoretical 
analysis of the force required to lift a column of grain. 
3 0009 02987 9462 
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Seetion 3 will deal. with the vibration analysis of the 
system. It has been shown in previous work by Roberts & Arnold (l)' 
that transverse critical vibrations can readily occur in grain 
augers and that these vibrations can be a considerable source of 
grain damage. The results obtained from this work indicated that 
a similar study should be undertaken for the "Floveyor" type 
conveyor. 
Critical vibrations should be avoided in the operation of 
these conveyors owing to the likelihood of considerable grain 
damage being caused by the crushing of the grains between the 
circular discs and the walls of the elevator tube by the 
"whipping" action undergone by the discs • .Apart from the aspect 
of grain damage it is not a good policy to operate a machine 
in the critical speed range because of the mechanical damage 
that can also be caused. 
The vibrations occuring in this type of apparatus are 
similar to those of the vibrating string. Although the casing 
of the elevator tube offers some constraint, the liberal 
clearance between the discs and the casing would permit some 
lateral vibration to occur. The analysis of the vibrations 
however, is much more rigorous than that of the simple string 
because of the additional aspects which have to be considered. 
These include the consideration of both mass of cable and 
concentrated loads, the increasing tension along the cable 
caused by the elevating forces on the columns of grain in series, 
and the effect of the velocity of the cable on the critical wave 
velocity. 
There has been limited research in the above subject. 
However, papers dealing with vibrations in plain moving belts 
have been presented by Archibald & Emslie (2)', Mahalingam (3) ', 
Note: Numbers in parenthesis ( )' refer to bibliography 
and Tatsuo Chubachi (4)'. A further paper dealing with the effect 
of simultaneous action of both string mass and concentrated loads 
has been published by Yu Chen (5)'. These papers have been of 
considerable assistance in understanding the particular type of 
vibration undergone in this apparatus. The application of their 
methods of solution to the 11Floveyor11 has also helped greatly. 
It is intended that in the vibration analysis section of 
this thesis that the analysis will result in an expression which 
can be used to predict the natural circular frequency of the 
11Floveyor" grain elevator. The analysis will commence with the 
derivation of the critical vibrations in a simple string and 
progress with problems of increasing complexity until the 
critical vibration expression for the "Floveyor" is attained. 
In adopting this procedure the analysis presented enables 
a comparison of the solution to the problem when certain 
simplifying assumptions are made. In addition, the critical 
vibration frequencies for various conditions of operation can be 
compared. 
4 
FIGURE 2 .01. 
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FIGUHE 2. 02. 
FIGURE 2.02-ELEVATING TUBE & DISCHARGE 
CHUTE OF FLOVEYOR 
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FIGURE 2.03. 
FIG URE 2.03- FEED HOPPER OF FLOVEYOR 
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SECTION 2. PERFORMANCE ANALYSIS. 
This section deals with the theoretical. and experimental 
analysis of the "Floveyor11 elevator and its perspex model with 
regard to the f"orces and power required: to elevate the columns 
of grain in the manner employed by these conveyors. 
Description of Apparatus. 
The "Floveyor'' consists essentially of an endless cable on 
whi.ch are attached a number of circular discs spaced at regular 
intervals. These discs carry the grain through a ~ylindrical 
casing, the cable and discs pass over pulleys at the top and 
bottom of the c:onveyor. A diagrammatic sketch of the apparatus 
is shown in Figure 2.01. 
In this section the "Floveyor'' is referred to as the 
prototype and its perspex repli09-, the model. 
The prcictyp@ is a 12 ft. high conveyor with a 4 inch 
diameter elevating tube. The t ineh diameter cable runs over 
15 inch diameter pulleys at the top and bottom 0£ the elevator 
and the discs are attached at g inch intervals on the cable. The 
discs are ~ inches diameter. When operating, the recommended 
speed is 260 r.p.m., and the unit is driven on the bottom pulley. 
A perspex tube 36 inches long and It inches bore is used as 
the elevating tube on the model. The cable is 5/32 inches 
diameter and the l! inch diameter discs are attached at a 
spacing of Ji- inches. The pulleys are 7-f inches diameter, and 
the unit is driven on the bottom one. 
Both units have speed control and power measurement 
facilities. The prototype has a variable speed gearbox for speed 
control and the modal uses a variable speed D.C. electric motor. 
Photographs of both units are shown in Figures 2.02,2.03 
8 
FIGURE 2.04. 
FIGURE 2.04- GENERAL VIEW OF MODEL 
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and 2.04. Figures 2.02 and 2.03 are photographs of the "Floveyor" 
elevating tube and feed hopper respectively, and Figure 2.04 is 
a general view of the model. 
2.1 THEORETICAL ANALYSIS. 
Since the apparatus deals with the forced fl.ow of columns 
of grain up a tube, it is interesting to examine the derivation 
of the relationship governing the force required to elevate this 
column. 
To carry out a rigorous analysis of this elevating force 
requires the consideration of the discrete particle nature of the 
grain,the variation in frictional forces along the cylinder wall, 
variation in pressure over the surface o~ the elevating disc and 
the variation of the stress ratios within the grain mass itself. 
In order to obtain a workable relationship or the force 
it is necessary to make some approximations with regard to the 
above points. Although not strictly correct these approximations 
are satisfactory for engineering purposes. 
For instance, the pressure distribution over the surface 
of the piston would not be uniform, but this effect on the 
pressure distribution within the grain mass is unknown, hence for 
the calculation it is assumed uniform. There can also be a variable 
density over the length of the colwnn which will effect the 
coefficient of frict.ion and the lateral to vertical pressure 
distribution. This effect is a random one and can not be expressed 
in an engineering expression. Small variations in tube bore size 
also influence the elevating forces considerably and this effect 
has been observed by Roberts (8) 1 , however these al.so cannot be 
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(i) The coefficient of friction,f, between the grain and the 
cylinder wall is constant along the length of the cylinder. 
(ii) The pressure distribution, p, is constant over the surface 
of the piston. 
(iii) The ratio, K, of lateral to vertical grain pressure 
along the wall is constant. K is less than unity and is dependent 
on the angle of internal. friction of the grain. 
(iv) The cylinder bore is perfectly parallel. 
(v) The grain is cohesionless. 
Figure 2.11 shows the configuration of the forces on an 
elemental. mass ef grain. The analysis is carried out as follows. 
Vertical equilibrium of forces yields, 
~ = wR + 2p.Kp 
dx R 
2 
- WitR dx = 0 
1IR2 
Integration of this over the length L results in the 
following expression. 
wR ~ 
p = 2}iK(e---ii'"""- 1) 
Now the pressure on the piston, p, is equal to the force over 
the area. 
J 2pKL 
• • F = ~.;R( e R - 1) • . • • . . . . . · (2.11) 
From this expression it can be seen that the I/R ratio 
should be kept as low as possible in order to keep the elevating 
force small. 
To apply this expression to the "Floveyor" it is first 
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Q be the output of the elevator, in3/ min. 
N be the r.p.m. of the pulleys. 
D be the diameter of the driving pulleys, ins. 
' Lmbe the centre distance of the discs, ins. 
Then column height = h 




h = ~ 2 m • • • • • • • • • ( 2 .12) 
R ND 
Also let H be the length of the elevator tube, then the force 
to elevate several columns of grain is, 
2µKQJ..' 
3 m a = ~~: (e ~2RJND - 1) 
The horsepower required to elevate with this force is 
derivable from force x velocity. 
2JlKQL 1 
2 3 m 
(e~ RND_l) . . . . . • (2 .13) 
For a particlii1.ar conveyor only N, the speed and Q the output 
are variable. 
See Figures 2.12 and 2.13 for the graphical representation 
of this equation as applied to the "Floveyor" and the model 
respectively. 
The inertia forces involved in accelerating the grain from 
rest to its final elevating velocity also consumes horsepower and 
must also be considered. 
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m(vf-v.) vf 
H.P = 550 l • ••• • • • • • (2.14) 
where m •• mass transfer rates, slugs/sec. 
vf • • final velocity in direction of 
elevation, ft./sec. 
vi • • initial velocity in direction of 
elevation, ft./sec. 
In this case there is no initial velocity in the direction of 
elevation and v. = o. 
]. 
The above equation {2.14) can be expressed in symbols 
consistant with those used previously and is given as follows. 
. . . . . • • (2.15) 
Hence the total horsepower required to elevate the grain will 
be given by expression (2.16). 
• ••• (2.16) 
Figures 2.14 and 2.15 show the graphical representation 
of the above expression for the model and the "Floveyw'' 
respectively. 
The horsepower calculated from this expression would be a 
minimum required as the power to drive the apparatus when empty 
and the power to push the discs through the grain in the feed 
hopper have been neglected . It would be expected that this 
,, ,, 
would have a greater effect on the model since its smallness 
results in extremely small elevating forces which are less than 
the friction and churning losses. 
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required the laws of dynamic similarity between the "Floveyor" and 
the model must be examined. The factors thought to influence the 
performance are the velocity v , radius of tube R, grain density w , 
s 
grain diameter d, column height h, number of discs n, gravity g, 
frictionµ, output Q, and power consumption p. Using dimensionless 
analysis techniques illustrated in Appendix 1 the following 
dimensionless parameters were obtained. 
P R d 
' w v3h2 ' h ' h ' n ' ~ ) = 0 
s 
The law relating prototype and model was found to be the 
Froude number when the units are running at corresponding speeds. 
The Froude number is ~ or ~ if it is applied to prototype-model v VZ" 
studies, where 1 is the scale ratio. 
For dynamic similtude between the 11Floveyor11 and the model it 
is necessary that they have geometric similtude and the same value 
of the Froude number. If 1 is the scale ratio of prototype to madel, 
(1 = h~hm)' then the velocity ratie is it, the force ratio 
F~Fm = i3, the discharge ratio ~~ = i 2f and the power ratio 
Pif"Pm = i3t. These ratios are derived in Appendix 1. 
The scale ratio, 1, for the model and prototype used in this 
thesis is 2.29. Figure 2.16 shows a comparison between the 
theoreticaJ. horsepower and expected horsepower plotted against 
output, for both model and prototype when running at speeds 
corresponding to their scale ratio. The expected horsepower 
curve is extrapolated from the curve for the model using the 
above function ratios. It can be seen that this method yields 
high values of horsepower for high outputs at low speeds and 
low values of horsepower for high speeds. It is expected 
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at the higher speeds. ri~igure 2 .17 shows the same graph neglecting 
inertia forces and there is reasonable agreement between theoretical 
and predicted values of horsepower. 
It is interesting to note that Equation (2.11) mentioned 
earlier in this section has been shown to give a satisfactory 
estimate of the force required to overcome static friction and 
cause the column to commence moving up the tube. The resu.lts are 
based on experiments conducted by Roberts (8)' on the forced 
elevation of various columns of grain at low velocity. It was also 
shown that the elevating force remained constant with time for 
grain columns not exceeding 8 inches in height. Longer columns 
showed a gradual increase with time, probably caused by compaction 
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2.2 EXPERIMENTAL A.i.~ALYSIS. 
In the theoretical analysis the terms friction factor and 
lateral to vertical pressure distribution were used in the derivation 
of the elevating force expression. These factors have to be 
determined experimentally by triaxial tests on grain columns. 
The experimental results obtained from the triaxial tests on 
both the millet and wheat are shown in Appendix 2. 
A discussion of the experimental results obtained from 
the tests conducted on the "Floveyor" and the model is carried out 
in the following paragraphs. 
(i) Model. 
The experimental work on the model entailed the measurement 
of the power consumed and the output rate obtained for a series 
of operating speeas. It was al.so found necessary to alter the 
model in order to reed the grain through the side of the 
elevating tube instead of out of the hopper so that the effect 
of the compression of the grain when entering the tube could 
be taken into account. The power consumed by the churning of 
the grain in the feed hopper was also measured to enable this 
effect to be accounted for. 
The experimental results obtained from the tests conducted 
on both the hopper fed and side fed model elevators are 
t\ II 11 • 
shown in Tables I and II respectively. 
various graphs and comparisons have been drawn from these 
results. The first of these is Figure 2.21 which plots the 
outputs of both conveyors against their rotational speed. It 
can be seen that the side fed model's output reaches a maximum 
at low operating speeds and then remains reasonably constant 
except for a slight reduction i~ ,output at higher speeds. This 
effect is most probably due to the gravity effect on the grain 
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FIGURE 2.24. 
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feeding from the hopper, When the maximum rate of output is 
reached at approximately 150 r.p.m the hopper itself is 
unable to gravitate any more feed to the elevator. It would be 
expected that a similar effect would happen on the hopper fed 
model if the operating speeds reached a sufficiently high 
figure. This effect, in the case of the hopper fed model, could 
be caused by the inability of the grain to slide into the path 
of the discs at a sufficiently high rate to enable the output 
to keep increasing. 
The graphs of the power conswnption against the operating 
speed for both side fed and hopper fed models are illustrated in 
Figures 2.22 and 2.23 respectively. These graphs show the various 
horsepowers resulting from the no - load forces, the churning losses 
in the hopper and elevating forces required to elevate the grain 
columns. It can be seen from the graph for the side fed model, 
Figure 2.22, that the elevating horsepower is only approximately 
33% of the total power consumed. For the hopper fed model the 
elevating power is approximately 27.2% of the total and the 
churning losses 45.5% of the total as can be seen from Figure 2.23. 
The small percentages of elevating power used on the model are 
probably due to its smallness which allows other parameters 
to assume a major role. 
Figure 2.24 is the comparison between the theoretical and 
experimental results of the power required to elevate various 
quantities of grain. It can be seen that the experimental power 
is approximately twice that predicted by the theoretical analysis. 
In order to determine if the compressing effect of the grain 
into the inlet of the tube was the cause of the discrepancy 
between the experimental and the theoretical results, the model 
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elevating tube. Figure 2.25 shows the plot of horsepower for 
elevation against the operating speed for both experimental and 
theoretical results. It can be seen that fairly good correlation 
is obtained. 
(ii) Prototype. 
The grain output at various speeds was also measured on the 
"Floveyor" to obtain some experimental correlation between 
prototype and model. Power consumptions also were measured 
during the tests. 
II II 
Tables III and IV are the experimental results obtained from 
the above tests with a partially full feed hopper and a 
completely full feed hopper respectively. 
The graph of the elevating horsepower against the output 
for both experimental and theoretical results is plotted on 
Figure 2.26. From this graph it is noted that the experimental 
horsepower is approximately 2.J times that predicted by the 
theoreti'cal curve. However this graph includes churning losses 
which are not included in the model's comparison but they would 
only be expected to be a small percentage of the overall power 
consumption since the 11Floveyor" has a "lead - in" scoop into 
the elevating tube. 
It appears from the above results that the theoretical 
expression to predict the horsepower required to elevate a 
quantity of grain will have to be altered by a constant to take into 
account the power consumed in compressing the grain into the 
elevating tube. Hence Equation (2.16) becomes as follows. 
2 KQT..' )'1 m 
3 TI 2R3ND 
H.P = C(~~~OL~pK(e 
QwD2;. 
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Where the symbols have the same meaning as before and t he 
constant G lies between 2.0 and 2.3. 
In order to determine if the Froude number is the 
predominant parameter relating the performance of the model 
t-0 the ''Floveyor 11 the dimensionless pow~r and O'ltput parameters 
are plotted against the Froude number ~l , where 1 is the scale 
factor. From dimensional analysis techniques the output parameter 
was found to be # and the power para.meter w !312 where the 
symbols have their usual meaning. Figures 2.27 ind 2.28 are the 
graphs of the output parameter and the power parameter plotted 
against the Froude number. When the experimental results are 
substituted in the above parameters and plotted on the graphs 
it can be seen that they tend to lie around a common straight line 
with the model at one end and the prototype at the other. This 
indicates that the Froude number is relating the model's 
performance to the prototyp~s. 
other interesting observations made on the perspex model 
during the experiments are as follows. 
(i) Some fluidisatioij of t he grain being carried up the tube 
appears to take place at the higher operating speeds due to 
the air being carried up the tube by the discs. 
{ii) Considerable grain damage was caused on the model by the 
crushing of the grain between the cable and the top pulley. 
33 
SECTION 3. VIBRATION A.l\JALYSIS. 
A vibration analysis of the nFloveyor" elevator involves 
the determination of the operating speeds of the unit at which 
the natural angular frequencies of the system will be excited. 
This is necessary since it is inadvisable to run the unit in this 
speed range owing to the grain damage as well as mechanical. 
damage which can be caused by the whipping of the discso 
This analysis considers the effect of the concentrated 
masses when coupled with the uniform mass of the cable and al.so 
the characteristics peculiar to this system such as a variable 
longitudinal tension and a longitudinal velocity. The 
longitudinal. velocity is the elevating velocity of the discs and 
is caused by the rotation of the cable around the end pulleys. 
The variable tension is a linear stepwise increase which results 
from the: addition of the forces required to elevate the columns 
of grain supported on the discs. 
Owing to the complexity of the analysis it is advantageous 
to build up a series of solutions of increasing difficulty, 
commencing with a review of the simpler problems such as the 
stationary string, until the complete solution has been obtained. 
In this manner a comparison of the critical frequencies for 
various modes of operation can be made; such modes would include 
the stationary conveyor, the conveyor operating whilst empty 
and the conveyor operating whilst transporting grain. Further, this 
plan of analysis enables overall comparisons to be made, so 
permitting some assessment of the magnitudes of the different 
variables in the vibration problem. 
J.l STATIONARY STRING. (?) t 
~ 
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Consider the forces on.-,,the· small 
length. 
portion of string, dx in 
I 





Considering small amplitudes of vibration,
2
the resulting 
difference in upward and downward forces is T ll2 dx. 
~ x 
If the mass per unit length of the string is e' then the 





= T '02y 
Q o x2 
. . . . . . . (.3.11) 
is the standard form of the one - dimensional 
The general solution to this equation is 
( t) _Ai i( w t - kx) B i( w t + kx) y x, - e + e 
1 
w 
where k = ~ 
2 T 
oL = -e 
Here w is the natural circular frequency and ~ and B1 are 
constants evaluated from the boundary conditions. 
For the simple boundary conditions for the above case of 
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y(O) = y{.L) = Q. 
,, - rutj 1: 
""' - L e . . • • • . (J.12) 
where n = 1,2,3 ••••• and n = 1 is the fundamental critical speed. 
3.2 STATIONARY WEIGHTLESS STRING WITH CONCENTRATED MASSE$. (9) 
Distributed mass systems are analysed in a similar way to 
the problem discussed in Section 3.1. 
t 
The problem now considered follows the general techniques 
applicable to lumped parameter systems. It is difficult to obtain 
general solutions to lwnped parameter systems for vibrating 
strings owing to the discontinuities involved at the po.sition of 
the masses. Hence one particular type of solution will be dealt 
with. here which can be applied to the digital compu.ter. 
To illustrate this method consider the 2 - degree 0£ 





Assuming string to be weightless and that tension remains 
unchanged for small angles of oscillation. 
consider mass (l),and from Newton's Law 
F = Ma where 
L" 
sine=~· 






For small e, sin e = tan 6 
;= T, ~' is the restoring force. 
' m 
Similarly "Tr; = T (Xi,, - x.) ....,,,1. '1. L 
-
1..l.: = 1JL1s., + 'i(x, - 11 ( ) 
l"JJI., • • • • • • • 3 • 21 
L 1m . 
Also for mass (2) m 
- .. ~ = 'Ax..,. + 'll!x,.- xj ( 3 2...,) 
~~ L L • • • . . • • • ~ 
m m 
Assume the oscillations to be harmonic and composed of 
harmonic components of various amplitudes and frequencies. 
Let x, = A. sin"" t and x, = - w ... A,sin ..:> t 
xa.= Ai,.sin..l t and i,_:: - w"- Aa,sin ~ t 
substituting these into (3.21) and (J.22) results in the 
following equations. 
M~1- 1, - Ta. ) + A~( r:~ ) = 0 • • • • • (3.23) 1m 1m m 
A, ( ta. ) 
m 
+ A ( M " ~ ... T t. ) -- 0 ( 3 24) i. ..., _L ..... L ••••• • 
m m 
The solution to the above equations can be obtained by 
setting the determinant of the coefficients of A,and A~equal. 
to zero. 
( M..,1. - 1, _ l -a. ) T ""-L L L 
m m m 
= 0 
I.a. ( M..., ... _ T, _ T:i, ) L L L m m m 
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This determinant has the solution that follows. 
(..) 2 = 2~ ( ( T, + 2 T'l + ~ ! J ...(- T2-, _+_4_T"'!!!'~-+ T" ... 2--- 2T-,T_J- ) m 
Applying the above method to the 17 masses at 8 11 centres on 
the 11Floveyor" apparatus results in a general solution of the 
form as follows. 
O = ·-yn - ( ~m ) y(n - 1) + (~+l) yn + (~:l)i yn+l 
• • • • (J.25) 
for n = 1,2,J •••••• 17 
If the equation is expressed in the form below, the 
eigenvalues of the matrix [Al are the values of the critical 
stabilities of the system. 
[r1} + (A) {Y1] =o fori=l,2,J, •••• rt 
The matrix (A] is shown below in a general form. 
Ta+ T~ - :h. 0 0 0 • 0 
MLm MLm 
• • • • . . 
- 1 .... T1, + Ts - T~ 0 0 
ML ML ML 
m m m 
=[A} 
6 0 0 - L' 'Ti '+ Tt) - L1 . . • • ML ML MLm m m 
T' '.JQ + ~ 
0 0 0 0 - - '1 ••• • . . ML ML 
m m 
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This is a 17 by 17 matrix which can be solved on a compu.ter. 
Appendix 3 gives a detailed analysis and solution to the 
above problem. The natural circular frequency obtained for the 
•ir.FJ...oveyor" by this method is 13.4 rads/ sec. 
3.3 STATIONARY STRING CONSIJJERING MASS OF STRING AND 
CONCENTRATED MASSES. 
(i) Uniform Tension - General Solution. (5) ' 
In this analysis the unit impulse or Dirac & function is 
introduced to represent the concentrated masses and the 
characteristic equation of the problem can be solved by the use 
of Laplace Transforms. 
Consider the multimass system shown. 
T 
For a stationary string, using the general equation (3.11). 
k 
T y'' = <e + ~ = 1 Mi ' (x - Li)) y . . . . (.3 .• Jl) 
where T • tension 
e . . . mass per unit length 
M.. • • mass of concentrated loads, i = 1,2, • • 
1 
loads, i = 1,2 •• 
L·· •• distance from x = 0 to concentrated 
1 
k ••• number· of masses considered 
The function is defined as 
~ ( x - L. ) = 0 at x /; L. 
1 1 
t (x - L.) = d) 
1 
and 
t:/x - L. ) dx = 1 
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at x = L. 
1. 
j~\: 1. 
The boundary conditions are y(O) = y(L} = O 
I k 
T Y - ( e +- i M. ' ( x - L. ) ) 'y = 0 
i=l 1 1. 
By letting 
y = F(x) sinc.J t 
and applying Laplace Transforms, the following 
equation is obtained when the masses are all considered to be 
equal in weight .• 
Jn = -1_ s1n2 i°:1H- <cot i'fn -c~1I' > •• (J • .32) 
Mt.3 i=l 
Where k = 17 and the above equation appli;es to. the "Floveyor" 
cabl.e with 17 masses. 
The complete derivation of this equation is given in 
Appendix 4 and the solut.ion to it. is obtained by graphical means. 
rt can be seen that for a single central mass, 
Je T 
MMI 
= sin2-.J L tt (cot~u 
2 T 2 'f 
= sin ~ L tt ( cos..l L 1 •
2 T- 2 T 
= t ta.n~lfl 
2 T 
If M = o, for a plain string, 
~Ll~ = ~ 
cotw Ll ~ ) • • • (3.33) 
cos -.lL\ ~ 








J e T = ~ SJN2 ~,1L ff(cor~Jf -COT wljf) 
MLV ~~I 





.~s1N·~~ii -core<) ~ 
i 
I 







_ _J _______ _J 
FIGURE 3.31- GRAPHICAL SOLUTION TO 
EQUATION 3.32 
from which 
·-~ - n.IT _, _ L ~e 
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This agrees with equation (3.12) previously worked ou_t. 
The graphical analysis of (3.32) is shown in Figure (3.31). 
The fundamental frequency is read from the lowest value of 
which satisfies the function plotted in the graph of Figure (3.31). 
3.4 STATIONARY STRING CONSIDERING MASS OF S'TRING', CONCENTRATED 
MASSES AND V A-"R.IABLE TENSION. 
The introduction of a variable tension along the length of 
the string introduces a variable coefficient into the general 
equation of motion. The tension characteristic is a linear 
increasing one for the case of the "Floveyor". A solution to this 
problem is attempted by two methods. Firstly, a particular 
solution using a digital computer, and secondly, a general 
solution similar to ' that of Section 3.3. The particular solution 
is a straight forward, though fairly lengthy process, involving 
a method similar to that of Section 3.2. 
(i) Particular Solution. 
The method of solution is similar to the constant tension 
' case as illustrated by Bickley &: Talbot (7) • 
At point (1), the co - ordinates (x, ,y, ) satisfy vibrating 
string law from Section 3.1. 
1. 
T,l I: 
l x ... 
' 
The solution to this equation is, 
Y.(x,t) = A, ei(a.> t - k.xJ + B\ei(.3 t + k.x) 
.... 
where k, = et, 
Boundary conditions; 
«1. _ Ta 
' - e 
Y\ = 0 • . • . . x,= 0 
Y = - y ••••• x ,= L . I I m 
Substituting these conditions gives, 
_ L ( e - ilQc, - e i!Qc. ) 
and y, (x,t} - _ i~L ikj. 
e m - e m 
Nov consider the point on the string (x.,., Yi. ) which also 
obeys the vibrating string lav. 
l. '-
el ~ = T '~ l,1. 
) t 1~x! 
The solution to which is, 
i 1wt lrv' i 1~ t + lrv' y1. (x,t) = A'1.e ~ - ~ + B.z.e ~. ~ 
c..a 
where ka, = ar" 
\. T~ ..,\. = e. 
Boundary conditions; 
y'1. = O • • • • • X -i = 2Lm 
y,_ = y • • • • .x=L 
'L m 
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Substituting these conditions gives, 
y'I. (x, t) = y , ( ik~(L - x' ika(JC.a-31 ) _2ik 1 e m 'i - e m 1 - e a. m 
Force on mass (1) is the resultant of the two tensions T 
and T at the position of the mass. 
i.e. F - 'T'.('az.) - , ~x x =L 
' • m ... 
=-MY 
' 
_MY,= T, ' -ik, Y, (e-~~ ~m • e~' ~mH + ~' i~Y, ({e~~m • e=~~~mp 
~ ( e- ' m - e • m)J t e m - e m ' 
Assume the motion of the oscillation to be periodic and 
composed of harmonic vibrations of various amplitudes and 
frequencies. 
Let. Y, = A sin-..t 
also 
Now 
• • :a. • 
Y = - A ._. s1n..at 
' 
ik L -ilr L -i(e ' m + e .., m) 
( e -iic_ Lm _ eik, Lm) 
M A w'&. sin li) t = T, k , cot. k , Lm A sin~ t + T1.kscot ~Lm A sinwt 
from which 
'I. _ T,; ~ , oot k, L + Ta. ka. cot ka. L w _ L,- .., m m • • • • • ( .3. 41) 
M 
It can be seen that if the tension and the mass of the 
string are uniform, then for M equal to zero, equation (J.41) 
reduces to • • • • 





the frequency for a plain string. 
If the above solution is applied to the 17 masses of the 
"Floveyor" system, the general equation for the displacements of 
the masses is found. 
-ik x l ik 1 
(x t) _ e n n~ Y e n m - Y ) y , - n -J. n 
n ( -(n-2)ik E -nik 1 ) 
ik x -ik L e n n( Y 1 e n m -Y ) + n- m 
e nm-e nm ( (n-2)ik L nik 1 ) e nm-e nm 
• • • • (3.42) 
where n = 1,2,3, ••••• 18. and yO = Y18 = 0 













1 ) n n n n m n+ n+ n+ m 
T k A n+l n+l 




= 0 . . . . • (3.43) 
The matrix of the coefficients of the above equation when 
set equal to zero gives the solution to the problem. 
see Appendix. 5 for the detailed solution to the above 
problem which gives a result of 13.1 radians /second for the 
natural circular frequency of the system. 
(ii) General Solution ( See Appendix 6) 
Applying the Laplace Transform method and Dirac i function 
o£ Section (3.3) yields the following equation. 
~... ~ k ~ .., 
T{kx +l)j-Y°i. + Tk~ - ( ~ +t M. o(x-L. ))~ {~ = 0 
X v X i=l 1 1 
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which when transformed yields an expression as follows. 
- k 
Tkp
2 ~F - (Tp2 - Tkp + e'-' 2)F + TF'(o) _ ..., 2 ~ F(L.)M.e-pLi = 0 
p i~ 1 1 
•••• (3.44) 
The transformation used is y = F(x) and F = L(F), the 
Laplace Transform. 
Equation (3.44) is a linear ordinary differential equation 
with variable coefficients and has no known solution. 
It is proposed to solve the problem by an approximate 
procedure which is similar to the Rayleigh Analysis. The Rayleigh 
Analysis always gives a result higher than actual as the actual 
derlection curve is due to the inertia forces rather than to the 
dead or static load. 
The deflection curve is assumed to be, 
A 
• rmx 
y = sin -
L 
where A is the maximum amplitude and L is the length or the 
string. 
Using the principle of virtual work, 
::: 0 
' 
where l. is the total energy 
and is the difference between the kinetic and potential. energies 
of the system and is known as the Langrangian Function. 
The kinetic energy of the system is, 
L k 
K =-! f ~(y) 2 dx + i ~ 
0 i=l 
and the potential energy is, 
L 
V =if T(x)(~)2 dx 
0 dx 
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where T(x) is the function relating tension and x. 
Carrying out the computation (see Appendix 7) yields the 
following equation for ~ • 
2 2 kL 
n '1f T (2 + l) 
L ( e L + 2 1 M. sin2 n-n xi) 
i=l 1 L 
Where the fundamental frequency is given when n=l and k is 
the linearity constant for the tension. 
For the "Floveyor" apparatus, 
iL 
xi= 18 
and the fundamental frequency is given by, 
~ = 
2 kL 
"1t" T ( T + 1) 
17 
L( e.. L + 2M ~ 
i=l 
2 
sin ~i ) 
18 
The masses M in this equation are all equal. 
• • • (3-45) 
Using the following values for the variables of this 
equation as in the particular solution. 
T = 2.55 lb. 
k=l 
L = 12 ft. 
e = o.002s slugs I ft. run 
M = 0.0023 slugs 
The substitution of these values yields a critical 
fundamental frequency of the following value. 
u.J = 14 radians / second. 
This value for the critical frequency is 7% above that of 
the value obtained from the method used to find the particular 
solution in previous sub - section. 
47 
J.5 PLAIN STRING WITH. UNIFORM MOfION ALONG ITS LENGTR. 
Vibrations 
analyses of the 
' Mahalingam (3) 
under these conditions have been dealt with by 
' t 
systems in papers published by Archibald & Emslie(2), 
I 
Chubachi (4) • Both Archibald & Emslie and T.a.tsuo 
f 
and Mahalingam treated the travelling power chain whereas 
Tatsuo Ghubachi presented a more rigorous analysis dealing with 
vibrations in travelling belt forms but also considering the 
flexural rigidity of the material which is usually neglected in 
these types of computations. 
In calculating the natural frequencies of a power chain or 
belt it is usual to use the theory of vibrating strings. However, 
the speed of the chain or belt may be a considerable fraction 
of the wave velocity as given by (~ft obtained from equation (3.12). 
rt might be expected that this would have a marked effect on the 
natural frequencies. This was found to be so and the following 
analysis computes the expression which will give the natural 
frequencies under the above conditions. 
' ~ 
If small displacements are assumed, the speed in the x 
direction is v and in the y direction is, 
u + v ~~ 
~t } x 
Hamiltons principle states that the variation of 
5
t2 
(K1 - V) dt = 0 
tl 




b ( (K - V)dt = 0 
tl 
Now the kinetic energy is given by, 
. x2 
. • • • . • . (J.51) 
( i(2 . 1 2 
K
1
= ) ~ e v + (y + vy) )dx 
~ 
• !.Y. 
where y = ~t and ' tl Y = dx 
The potential energy V is obtained by setting • • • 
dV = T(ds - dx) 
which is the tension moved through the distance equal to the 
elongation of the string due to its displacement. 
Now dS = l dx2 + dy2 
= dx ·11 + ( ~ ) 2 
= dx( 1 + i(~)2 ) 
Substituting this in above equation. 
dV = T i{~)2 dx 
which when integrated gives, 
x2 
V ! ~ tT(~) 2dx 
~ 
Putting the values for Kand V into equation (J.51). 
t2 x 
b f (2 2 .. 2 2 
· ) (~ (v + (y + vy) ) - -fr(y) )dx dt = 0 
tl ~ 
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which when differentiated gives, 
0 f 2 f2 ( e<Y + vi)(&y + v~) - Tit.il dx dt = 0 
tl ~ 
Now 
and ~· = fx ( by) 
Hence 
t2 x2 
( ) ( e<Y + viHf.t ( by) + +x (&y)) - Ty t; (by) )dx dt = 0 
tl xl 
- Ty ~: (~) )dx dt = 0 
• • • • • • (.3052) 
When each term is integrated by parts, the following 
differential equation is obtained. 
( _h_. 2 'b2y ) - (T - ev2) ix bt2 + v~t~x e 'br 
The solution to this equation is 
= 0 •••. (3.53) 
wx ~x 
y = A:i_ cos{ "'3 t + Ji _ v ) + ~ cos( "-> t - """"~""'"'+-v ) • • ( J. 54) 
and the critical speed is given by 
2 
.... __ n it (T - . ty ) ( ) ~ ~ • • • • • • • • • 3.55 
L(qT) 
See Appendix 8 for the derivation of equation ().52), its 
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solution and method of arriving at the critical speed. 
Equation (J.52) can also be derived, simply by considering 
a co - ordinate system x' moving with the string so that, 
x• = x + vt 
Now with respect to this co - ordinate system the wave 
equation is 
"'>.2v T -.2 
~ - - !.J2 ,,t -e ox' • • • • • • • • • • (J.56) 
The general solution to this equation is 
i( IA) t -!! xt) i( w t +~ x') y(xt ,t) = Ae T + Be T ••• • (3,,7) 
By applying the transform 
x' = x + vt 
to the moving co - ordinate system to convert it to the fixed 
co - ordinate system, the wave equation becomes, 
o 2 "),2 T 2 );2 
~tl + 2v e>x'it = (i: - v ) -ix2 .... (.3.58) 
and the solution to this equation is 
• ( t ""' X ) 
y(x,t) = Ae
1 
w - ~ + v 
"" x + Bai("" t +re - v ) • • • (.3.59) 
From which the critical speed is 
2 
~ = n~ (T - tv ) 
L(~) 
See Appendix 9 fer the method of operation. 
The above equation can be converted into the form 
= nrcfr (1 - e!-2) ( ) bl L {@ T • • • • • • • • • 3 • 511 
51 
FIGlJP.E 3. 51. 
(I) CENTRIFUGA l TENSION CONSIDERED 






T = ~ 
FIGURE 3.51-GRAPHICAL REPRESENTATION OF 
CRITICAL SPEED EQUATION 
2 
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It can be seen from Figure 3.51 that on a lightly l©aded 
belt,resonant frequency can be excited by periodic forces of 
low frequency. The above equation also indicates that if the 
tension T is composed wholly of centrifugal tension then the 
critical speed is zero. The term fV2 is the centrifugal tension. 
Taking centrifugal tension effects into consideration is 
done as follows. 
If the tensions in the tight and slack strands of the 
stationary chain drive are assumed to be T and T' respectively s s 





) and (T ~ + ov2), where ev2 is the centrifugal 
tension. 
The velocity of the wave propagation in the tight strand 
is given byJ! where T is tension in tight strand. 
e ~ = t·: e"'2 
2 
n'lf I! nv Since w = - - ( 1 - ...-. ) ff L e T 
forJe to obtain the equation for the 
centrifugal tension effects. 
2 
from above, substitute 
critical speed considering 
pv2 
nw t.> =r- e (1 - Q!_ 2 ) T + ev s 
-rs; ev2 2 ev 2 > 
T + ~v 
s P.
2 





\4) - J ( ~ • 2 } ( 3 512} - L e( T + ev } • . • • • • • • • '• 
s 
. . 
From this it can be seen that c.r.> approaches zero only as v 
approaches infinity. 
Converting this equation to the following form al.lows it to 
be plotted on Figure (3.51) for comparison with the critical. 
speed equation neglecting centrifugal. tension. 
( 
Il l\ JT 
- s 1 2 - Lre ( r=Jl=+ =£!.~ ) •.•• • •• (3.513} 
T s 
3.6 MOVING STRI NG, CONSIDSRING, MASS OF STRING, CONCENTRATED MASS~ 
VARIABLE TENSION AND VELOCITY. 
The addition of the velocity into the equation for the 
general solution in Section 3.4 in conjunction with the Dirac & 
function would make it very complicated indeed. Hence no analysis 
along this line will be attempted. It is proposed to develop the 
ecuation governing the vibrating system by the use of a similar .. 
method to the approximate solution used in Section 3.4. 
Since the system will vibrate in such a state so as to 
make the total energy a minimum, the term ~(Ki-AV} is zero. K 
and V are the kinetic and potential. energies of the system 
respectively, and A is the amplitude of vibration. The term 
(K
1
- V) is known as the Langrangian Function f, • 
54 
The kinetic energy is given by the following expression. 
L k 
K = S -t ~Cv2 + (vy + y)2)dx + t~ M.(v2 + (vy + y) 2) . 
t i-1 1 x=1 
0 -
Potential. energy is expressed as follows. 
L 
V =if T'{x)(~)2dx 
0 
The computation of these equations when an assumed 
deflected shape of y =A sin n~x is substituted is shown 
in Appendix 10. 




(llm.)2 < M 2 . 2 2zm.x· < sin L 1 
L i=l i 
k 




( eL + 2~ M. sin2 MXi ) 
i=l 1 L 
sin2 IlltXi) 
L 
• • • • 
• • • • 
2 2 2 2 2 2 2 2 
(W n n + 2~ M. v n~ cos2 nt'\Xi- n w T (~+l)) 
L i=l 1 L L L 
W : 
• • • • 
iL 
For the "Floveyor", the Mi's are equal and x1 =18 • 
Hence 
17 17 
(nvn )2 M ~ sin2 ~i - (eL + 2Mi~=l 
L i=l .., 
17 2 . 
eL + 2Mi. sin ~ 
i=l .l.O 
• • • 
. . . . . 2 2Mv
2 17 2 . (~v + - ~ cos ~ 
L i=l 18 
- T(~ + 1) 
••• (3.62) 
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For the fundamental frequency of the "Floveyor" substi tu.ta 
the following values. 
n=l 
Tension T = 5.55 lb. 
string density (' = 0.0028 slugs / ft. run 
Mass weight M = 0.0023 slugs. 
Length L = 12 ft. 
k = 1 
Velocity V = 16.7 ft. / sec. (250 r.p.m.) 
The above information was obtained from experimental work, 
and the value of the natural circular frequency is as f ollo:ws. 
'-' = 20. O radians / sec • 
This is equivalent to 191 r.p.rn , which is close to, the 
operating speed. 
T-o compare the results from Equation (J.62) with those 
obtained in Sections 3.2 and 3.4 a tension of T = 2.55 lb will 
have to be used. When this value for the tension is substituted 
in Equation (3.62) the following results are obtained. 
With velocity of 16.7 ft. / sec. 
w = 13.3 radians/ sec. 
When string is considered stationary. 
w = 13.9 radians / sec. 
Although the operating velocity is a considerable portion 
of the wave velocity it can be seen from the above results that 
the operating velocity is not sufficiently high to seriously 
effect the critical speed. 
The above analysis does not take into account the effect of 
centrifugal tension. 
From Section 3.5 the tension in the string taking into 






Since in this case T is variable and ev2 is constant, it is 
s 
taken into account by substituting the above expression for T 
into the integral for potential energy. 
L 2 2 2 
V = t ( (Tkx + T + ~2)(A n °" 
) L2 
0 
2 cos nn~ )dx 
L 
T in the above equation is equivalent to T • 
s 
This modifies the expression for the critical speed as 




... = i_·=1 if.i. sin2 2nmci - (eL + 2~ M. sin2 mtxi )(n "1t" ) 
..... ---r;- i=l ]. L L 
. . . 
. . . . 
k 
2 < M . 2 rmx· eL + < . sin _1 
i=l 1 L 
2 k 2 
2v ~ Mi cos nttxi 
L i=l L 
_ (TkL + T) 
2 
• • • •• (J.63) 
In the particular case of the "Floveyor" this equation 
alters to the follQwing expression. 





• • • 
. . . . 
17 
2Mv
2 ~ ( - <.. 




- (- + T) 
2 • • • • • • (J.64) 
Substituting the above stated values for the constituents of 
this equation results in a natural circular frequency of the 
following value. 
c..> = 20 • .3 radians / sec. 
It can also been seen that the velocity of operation is too 
low for the centrifugal tension to take any marked effect by 
comparing the above result with the previous one which does not 
consider the centrifugal tension. 
From the analysis just carried out it appears that in the 
case of the "Floveyor" the speed of the cable and the 
centrifugal tension have very little effect on the critical speed. 
3.7 COMPARISON OF DIFFERENT MODES OF VIBRATION AND ANALYSIS. 
The critical speeds calculated for the various modes of 
vibration of the "Floveyorn in this section use the following 
values in the critical speed equations. 
Mass of concentrated loads, M = 0.00223 slugs. 
Density of string/ unit length, o = 0.0028 slugs /ft. 
Distance between masses, L = o.667 ft. = 8 ins. = L·' m . ~ 
Initial tension in string~ T = 2.55 lb. 
Rate of increase of linear tension, k = 1 
Average tension in string with 16 masses = 2.3 lb. 
Overall length of cable, L = 12 ft. 
Using the above values the following table of critical 
speeds is drawn up. 
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SECTION J. 
1. Plain string, distributed mass and 
average tension. 
2. Weightless string with concentrated 
masses. 
3.Plain string with concentrated masses 
and average tension. 
4. Plain string with concentrated masses 
and variable tension. 
Particular solution. 
General solution. 
5. Plain moving string with distributed 
masses. 
Centrifugal tension neglected. 
Centrifugal tension considered. 
6. Plain moving string with concentrated 
masses and variable tension. 
Centrifugal tension neglected. 








1.3 • .3 
Negligible difference. 
The above values are for comparison only as the actual 
initial tension is 5.55 lb from experiment. 
The sections illustrated in the table are comparable to the 
following modes of vibration. 
Sections 1,2,.3 & 4 are for a stationary unit. 
Section 5 is for the unit running empty. 
Section 6 is for the unit transporting grain. 
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CONCLUSION 
The "Floveyor" appears to be a fairly light weight conveyor 
capable of moving large quantities of grain quickly. However 
to obtain the best performance from this unit the feeding end 
must always be deeply embedded in the grain mass. Failure to do 
this results in a marked drop - off in carrying capacity. 
Theoretical power requirement calculations resulted in 
an expression which predicts a power approximately half that 
measured by experiment. The difference is thought to be the 
power r equired to compress the grain into the mouth of the 
elevating tube. This can not be considered theoretically. Hence 
the expression for predicting power requirements has been altered 
by the addition of a constant to bring it into line with 





- NDawR3 ~ R ND o.wn2N2 -8 
H.P - c<so,ooOL~pK(e - 1) + 17.4 g x lo ) 
Where the symbols have the meanings .sho'Wll below. 
the grain mass. 











operating speed, r.p.m. 
diameter of driving pulley, inches. 
length of elevating tube, inches. 
grai~ density, lb./in3 
tube radius, inches. 
disc spacing, inches. 
coefficient of friction. 




The no - load power and churning losses will have to added 
to the result obtained from this equation to obtain the total 
power requirements. 
• • . . . . 
Where 





2 ~ 2 n..ri TkL 
(-y- .c(.. cos lS - (2 + T) 
i=l 
~ = critical speed, radians/sec. 
n = 1 for fundamental frequency. 
v =cable velocity, ft./sec. 
L = distance between cable supports, ft. 
M = mass of concentrated loads, slugs. 
e = mass/unit length of cable, slugs. 
T = initial tension, lbs. 
. . . . 
When applied to the 11Floveyor" this equation results in a 
critical speed o.f 20.J radians/ sec., which is equivalent to an 
operating speed of 194 r.p.m. This is below the recommended 
operating speed of 250 r.p.m., hence any disturbance resulting 
from the drive should not induce critical vibrations. 
Unfortunately this equation could not be verified by experiment 
since no analogeous system could be built and the existing 
"Floveyor" and perspex model operated much too roughly to allow 
any vibration measurement. 
Grain damage in the model resulted mainly from the crushing 
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of the grain between the cable and the top pulley. However the 
design of the 11Floveyor" seems to eliminate any possibility of 
this except perhaps on a small scale. Observations on the 
model indicated that some fluidisation of the grain appears to 
take place at higher operating speeds due to the air being carried 
into the tube by the discs. 
It is also to be expected that grain output will not be 
proportional to speed increase in the higher speed range since 
the grain will not be able to feed itself into the elevator at a 
great enough rateo 
Dimensional analysis techniques applied to the model and 
"Floveyor" indicate that the Froude number is a satisfactory 
parameter on which to base the model to prototype relation. This 
has been also shown to agree with experimental results. 
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APPENDIX 1. 
Those factors thought to influence the performance of the 
11Floveyor11 are tabled below. 
NM'~ SYMBOL 
Velocity of cable v 
Radius of tube R 
Density of grain w 
Diameter of grain d 
Length of grain column h 
Number of discs in tube n 
Gravity 
Friction 
"Through - put" 
Power consumption 
Choose h = L 
Now velocity v = 1 
T 
L h 












ft./ sec 2 
ft. 3; sec. 
ft .lb./ sec. 
The density W = ML-J = Mh-3 
s 
therefore M = W hJ 
s 
The dimensionless parameters are as follows. 
vT n, = 1 =1 
R P. 
nt = L = h 
""' W5L3 = l 
.,~ = M 
d d 
n ... = £" = h 
h 
rt5" = L = 1 











._ - KL - e-h 
"") - - ~ L v 
ll"t. = µ 
~ _Ql__Q 
"" - 3 - h?-"v 
L 
PT3 
"J\;o = -2 = 
ML 
Therefore f { gb. Q 1 ;z,~, 
p 
n ,p. ) = 0 
For dynamic similtude between prototype and model there must 
be geometric similtude and both the prototype and the model should 
have the same Froude Number. 
gmhm ~ 
~ = v2 
m p 
Since the gravity is the same for both model and prototype 
then the velocity ratio as the square root of the scale ratio 
1 = h/hm. 
v =v .fl p m 
The corresponding times for events to take place are 
related thus, h m 
t =-
m v m 
tp /tm = fl 




t = ...E. 
p v p 
'?. 












FIGURE 10.l - DIAGRAMMATIC ABRANGEMENT OF 
TRIA_X!Al T~STING MACHINE 
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FIGURI 10.2. 
MATERIAL DISPLACEMENT LOAD AIR TOTAL 
INCHES L8. PRESSURE VERTICAL 
PS.I. PRESSURE 
PS.I. 
MILLET 0.00 83 253 10 30 
MILLET 0.0161 483 20 58.3 
MIL LET 0 .0250 773 30 90 
MILLET 0 .0330 983 40 118 
WHEAT 0.0123 3 63 12 41 
WHEAT 0 .0216 643 22 73 
WHEAT 0 .0285 853 32 100.5 
WHEAT 0.03 20 953 42 117.5 
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FIGURE 10.4- COEFFICIENT OF FRICTION DETERMINATION 
BY MOHR'S CIRCLE 
69 
FIGillm 10. 5. 
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In order to obtain values for the coefficient of friction 
and the ratio of the lateral to vertical pressure distribution 
in a column of grain, tests were conducted on a Farrance 
triaxial testing machine. A diagrammatic sketch of the test gear 
is shown in Figure 10.l. The load on the column of grain is 
increased until deflection of the column takes place with no 
further increase in load. These values of the load are taken for 
a series of air pressures on the exterior o£ the grain column. 
Figures 10.2 and 10.3 show the results obtained and the 
calibration graph for the loading ring on the Farrance machine, 
respectively. When these results are plotted as Mohrs circles 
the resultant graphs obtained are Figures 10.5 and 10.4, where 
Figure 10.4 is for wheat and Figure 10.5 for millet. From these 
the coefficient of friction is measured and the lateral to 
vertical pressure ratio is calculated. 
In order to determine the coefficient ai' friction, Coulombs 
Hypothesis is used and is as follows, 
s = n tan ~ at failure. 
Where S is the shear stress on a plane on which n is a 
normal stress, and • is the coefficient of internal friction. 
If the constant of cohesion C = S then, 
qi' - ~ = c 
2 
where a; and Ol.are the maximum and minimum principle stresses 
respectively. This is shown on Mohrs circle. 
. I .1 
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From symmetry of the Mohrs circle the derivation of the lateral 
to vertical pressure ratio is shown. 
(Oj_ - °2) ' °i. + ~ 
2 cos • = t 2 c'1: - °2) l 2 sin • ' tan Q 
°i - "2 = (°i + °2) sin ~ °i 1 - sin t 
Ratio of lateral to vertical pressure, K = ~ = 1 + sin ' 
2 
The results from Figures 10.4 and 10.5 are as follows. 
Wheat ~ = o.558 
K = 0.345 
Millet )l = o.572 
K = o.338 
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APPENDIX J. 
Using the method of Section (3.2) and applying it to the 
1•Floveyor" cable. The distance between the two ends of the cable 
is 12 rt. and the discs attached to it are at 8 in. centres. 
There are 19 discs in all, however the effects of the end discs 
on the vibration will be neglected. 
In the above diagram, Y is the displacement of the masses 
n 
and T is the tension between each mass. In both cases n = 1,2,3 
n 
up to 17 for Y and 18 for T • n n 
If M is the mass of each concentrated load, then considering 
mass (2) 
considering each mass in turn, the general equation is, 
Tn(Yn - 1n-1) 
- MYn = ..... __....._L_ ........... 
m 
where n = 1, 2, 3, ••••• 17. 
Express this equation in the form as follows. 
Y - (Tn ) y + (Tn + Tn+l) y - (Tn+l) Yn+l = 0 
n ML n-1 ML n -m;--m m m 
This can be expressed in matrix form. 
• • 















To find the eigenvalues of[A1 it is necessary to set 
[Al -~[I) = 0 
and solve for A which are the eigenvalues. The computer programme 
written to solve for the eigenvalues will substitute various values 
of ~into the calculation and the eigenvalues are the values of °)\._ 
which make the matrix equal to zero. The matrix to be solved is 




















-'.:]) ( Tl3+Tl4)-~ -::i.4 
MLm ML ML m m 
0 0 0 ••• 17 
- Tl4 (Tl4+Tl5)-X. -~ 
• • 0 ML ML MLm 6 0 0 • • 17 •• m m 
• 
-Tl5 (T15+Tl6)-~ -Tl6 • 0 - -
• MLm ML MLm 17 
17 m 
-:i6 (Tl6+Tl7)-~ - Tl7 • • 
0 ML ML ML 0 
0 m m m 
-::l,7 (Tl 7+Tl8)-~ 
MLm ML m 
In the computer programme the following symbols have the 
meanings designated and the values shown for application to 
solving the above matrix. 
W = M = mass of concentrated load + portion or cable. 
= 0.0041 slugs 
V = L = distance between masses. m 
= 6.6667 ft. 
S = )\, = eigenvalues. 
= range of values necessary to find zero value of 
matrix. 
T = tension. 
In the above case this is a linearly increasing function 
due to the physical operation of the system. 
T. = T(l+(i-l)k) where i = l,2,3, • •••• and k is a constant. 
1 
In this case T = 2.55 lb., and is the force required to 
elevate one column of grain. 
y = k = linear proportionality constant. 
= 1 
(i-1) is expressed in terms of rows and column numbers. 
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The programme is shown below. It is in two, parts, the first 
part evaluates the separate items in the matrix and then calls 
in a subroutine to solve for the value of the matrix. 
Computer programme to be solved on IBM 1260 computer and is 
i..tritten in Fortran II· 
The programme is commenced over the page. 
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DI~NSION PQ(20,20) 
12 DO 900 I :;:; 1 , 20 
DO 900 J = 1,20 




1 READ 702,M,N 
702 FORMAT(2I2) 
IM= M 
XN = N 
IF(M)7,7,6 
6 IF(M-N)2,3,4 
2 XPQ = -Ta(l.+XMcY)/w. v 
PQ(MjN) = XPQ 
PUNCH 800,M,N,PQ(M,N) 
800 FORMAT(2I5,E20.8) 
GO TO l 
3 XPQ = ((2. 4T+2. ,T *XM.~Y-T.Y)/w.v)-s.s 
PQ(M,N) = XPQ 
PUNCH 850,M,N,PQ(M,N) 
850 FORMAT(2I5,E20.8) 
GO TO l 
4 XPQ = -T• (l.+XNwY)/w. v 
PQ( M, N) = XPQ 
PUNCH 700,M,N,PQ(M,N) 
700 FORMAT(2!5,E20. '8) 
GO TO l 





645 FORMAT ( E20. 8) 




DO 200 M = l,L 
00 200 N = l,L 
200 P(M,N) = PQ(M,N) 
DET = 1. 
K=l 
53 CON!'INUE 
KK = K+l 
IS =K 
IT =K 
BEI' = ABSF(P(K,K)) 
DO 26 M = K,17 
DO 26 N = K,17 
IF(ABSF(P(M,N)-BET))26,26,JO 
30 IS= M 
IT= N 
BET = A.BSF(P(M,N)) 
26 CONTINUE 
IF(IS-K)31,31,40 
40 DO 41 N = K,17 
CAB = P(IS,N) 
P(IS,N) = P(K, N) 
41 P(K,N) = -CAB 
31 CONI'INUE 
IF(IT-K)72,72,80 
80 IXl 37 M = K,17 
CAB = P(M,IT) 
P(M,IT) = P(M,K) 
37 P(M,K) = -CAB 
72 CONl'INUE 
DET = P(K,K)1tl>ET 
IF(P(K,K))8,9,8 
8 CONI'INUE 
DO 24 N = KK,17 
P(K,N) = P(K,N)/P(K, K) 
DO 24 M = KK,17 
WD = P(M,K).P(K,N) 
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P(M,N) = P(M,N)-WD 
IF(ABSF(P(M,N))-0.0001#,.ABSF('WD))73,24,24 
73 P(M,N) = O. 
24 CONTINUE 
K = KK 
IF(IC--17)53,57,53 
DET = P(17,17)itDET 
9 RETURN 
END 
Iii the above programmes, 
M = number of matrix row 
N = number of matrix column 
DET = value of determinant 
Using this analysis, for above case, a critical speed is 
found to be 13.4 radians/second which is equivalent to a speed 
of 127 r.p.m. This speed is written as the natural circular 
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frequency of the system and is the speed at which t he system 





I~~ ·I· f\ 
.~ h - ~ 
For the stationary string and using the general equation 
Equation (3.11). k 
Ty" = (' + ~ M. h( x - L. ) ) y 
i=l 1 1 
where T = tension. 
e = mass per unit length. 
Mj_ = mass o:f concentrated loads. i = 1,2,3, • 
L. = distance from x = 0 to eon~entrated loads. 
1 
i = 1,2,3, • • • • 
k = number of masses considered. 
The ~ function is defined as 
~(x - L.) = 0 at x /: L. 
l. 1 
b(x - Li) = d> at x = Li 
and ciO 
( ~(x - L. )dx = 1 Jo 1 
Boundary conditions are 
y(O) = y(L) = 0 
k 
Ty~ - Ce +~ Mib(x - Li))y 
i=l 
Let y = F(x) sin wt 
f = F(x)t.b 001~ t 
d2 2 H = -F(x) b) sin lt\ t dt 
. . . 
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Substitute these in the general equation to obtain the 
following expression. 
d2F( ) 2 k 
T 2 x + w ( e + 1_ M. ~(x - L.) )F(x) = 0 
dx i=l 1 1 
Applying Laplace Transforms, where F(O) = O when x = O &L. 
Laplace transform of F = F 
2 2 2 k -pL. 
T:(p F(x) - pF(O) -F'(O)) +w eF(x) + (,.) F(L.) 5 M.e 1. = 0 
kl. w 1. 
- 2 2 2~ -pLi 
F(x)(Tp + ew ) -.. TF'(O) - ~ i=l F(Li)Mie = 0 
- _ TF' ( 0) w 2 k -pLi 
F(x) - 2 2 - 2 2 ~ F(L1)M.e 
Tp + tu) Tp +k eY i=l -pL. 1. 
= F'(O) w2 < MiF(Li)e i 
2 2 - ..c.... 2 2 
p + ~ T i=l p + ~ 
T T 
Applying inverse transforms. 
F(x) = F' ( o)( ...I_ 2 • w~ sini.~1e x) • • • • • • ~w t T T 
2 k 
• • • • • • • - tLT ~ M. F(L.) ( ~.@) w~T sin~LT(x - L.) U(x - L.) 
i=l 1. i e.... ff ~,TI 1. 1. 
F(x) 
k 
= F~ O) u sin_.IJ x -w 2_ Mi F(Li) sincl>~JO-Li )U(x- Li) 
i=l 
Now when x = L1 
F(L ) = ~fT sin•..\.{£ L. 
i "" ~e ,T 1 
= F' (O)J! sin~\! x - ~~ M. F~)ft sinQlgi,T . sin~[ij:T (x-L. )U(x-L.) 
~ e iT -tfJ. <... 1l:) i ~TJ 1 ~T 1 1 
i=l 
Also F(x) = 0 at x = L 
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k 
~ Ii sinw\f L - ~ ~l Mi sin..,{f L1 ( sin.a: L co...,Jl Li - cos"'lf L sin{ Li) 
= 0 
. ·~ L k 
sinw4 T JT 1 <; i7\ f£ ~ 
,[Q ( c:5" - {O~l Mi siw,,)[f Li ( coswl ~ Li - cotp)l ~ L sin~~ T Li)) = 0 
k 
~~ = ~ M. ~in2wf!T L. - M. cotw(fT L sin2u{fT· Li. 
i=l 1 1 1 
k 
2[ji-· =~ Mi ( sin2'"1w Li - 2cot&.){¥ L sin2lal w L) 
i=l 
lQ.1 = f.k sin~ l2 L. ( coi).)~To L. - cotw~ L) lJ) M \ if 1 1 . 
=l 
Now 
where i = 1,2,3, • • • • • • 
k 
~ = < sin~J f ~~ ( cob-)ff fr - cob.\ w L) 
i=l 
k 
le!. ='< sin2 i~Lr (cot 1">Lw - cotwLfJ ) 
w M < 18 T 18 T -1. T 
i=l 
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Now k = 17 for the 11Floveyor" apparatus and the solution 
to this is shown in Figure (J.31). 
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APPENDIX 5. 
All the masses are of weight M and are equally spaced at a 




• .•. are the tensions between the masses. 
Y1,Y2,Y3 
• ... are the mass displacements. 
. . . . ~,x2,x3 
Y1,y2,Y3 • • . . 
are arbitrary points on the string. 
Now from Section (J.l) the point (XJ_,y1) satisfies the 
vibrating string equation. 
2 2 
~ Y1 T ~ Y1 e _ = i-
1>t2 <>xi 
The solution to this equation is, 
Boundary conditions: 
y1 = 0 when ~ = 0 
and y1 = Y1 when ~ = Lm 
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Substituting these values of the boundary conditions yields 
the following equation. 
Applying this solution to each point on the string results in 
the general equation below. 
-ik x ik L 
n n( n m ) 
e y(n-1) 6 - yn 
Yn(x,t) = -(n-2)ik L -nik L + 
ik x "k L n n -i 
e (Y(n-l)e nm_ y ) 
n 
nm nm 
e - e (n-2)ik L nik Lm nm n e - e 
where n = 1,2,3 • • • 18 and Y0 = Y18 = O 
The force on the masses is the resultant of the two tensions 
either side of the mass. 
Consider mass (1). 
'\yl 'by2 
Force =Tl(~ )x.. = L - T2(iX )x = L 
--i l. m 2 2 m .. = -M Y1 inertia force. 
Now 
-ik121_ i~~ 
~l = Y1(-ik1e -ik1e ) 
~,. -i~ Lm P&.Lm 
e - e 
87 
Also 
Assume the motion of oscillation to be periodic and composed 
of harmonic components of various amplitudes and frequencies. 
Let Y1 = A_isinwt 
• • 2 
Y1 = -Ai""' siIJ11St 
and Y2 = A;z sinwt 
•• 2 
J2 = -~IA) sint..Jt 
Substituting these in the above equation results in the 
following expression. 
2 T2k2 
A1 (Mw - T1k1 cot(~Lm) - T2k2 cot(k2Lm)) + A:2(sin(k2
Lm)) = 0 
Similarly for mass (2) the equation is, 
AlCT2k2 l+ A;zCM..f -T2k2 cot(k2Lm) -T3k3 cot(kJLm)~ A3~T3k3 ~ =o tsin(k2Lm)' t + sin(k3Lm) 
If this process is applied to each mass on the string, the 
general equation is as follows. 
• • • • • • 
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Where in the case of the "Floveyor" n = 1,2,3 .•. 18 and 
Ao = Ais = 0 
The solution of the above equation is obtained by setting the 
determinant of the coefficients of A equal to zero. The values 
n 
of which satisfy the equations will be those which make the 
determinant equal to zero. A computer programme similar to 
Appendix 2 will be used to solve the matrix • 
.,) 
Now k = -
and 
n ~ n 
2 T 
.(. = ..!l 
n en 
If e is constant, then, 
k =&a.\W: n T n 
and since T is linearly increasing in the case of the 
"Floveyor". 
T = T(l + (n-l)k) 
n 
where T is the initial tension. 
If these are substituted in the above equations the general 
equation results. 
A l~lqT(l + (n-l)k) ) +A lM..12- ...,lnr (l+(n-l)k)cotwT. b Q , .• 
(n-l)tsin &.t L l ~ -nt •~- IIIJI'(l+(n-l)k) 
• • 
m T(l+ n-l)k) 
T. ~ t'!!Af!'Cl+nk} ~ = 0 
• -~eT(l+nk)cotwllf(l+nk) ~ + A(n+l)tsinw. L ce= ' 
mtT(l+nk) 
Let -""' lerc1 +( n-l)k) 
L(n-1) - sinw L r-:::e;::; 
m~T(l+(n-l)k 
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N = &.:>teT(l+nk) 
(n+l) sin~ . t~ ..... e--
m { T(l+nk) 
The matrix to solve this problem is as follows. 
Mi M2 0 0 0 0 •••• 17 •••• O O O O ••••• 
11 ~ N3 
L2 M3 N4 
L3 M4 N5 
L4 M5 N6 
L5 Mt, N7 

























o O O ••••.. 0 D 0 0 •• 17 •• 0 0 0 L16M:t_7 
=O 
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Where it can be seen that the prefix's of L,M and N 
correspond to the rows and columns they are in. This is used in the 
computer programme to solve this matrix. 
In the following programme the symbols used are as follows. 
W = M = concentrated masses slugs 
S =..,, = critical speed 
R = ~ = mass of string 
T = T = tension 




V = L = distance between masses ft. m 





12 DO 900 I = 1,20 
DO 900 J = 1,20 




1 READ 702,M,N 
702 FORMAT(2I2) 




2 A = S • SQRTF(R. Ta(l. + XM..,Y)) 
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B = SINF(s.v. sQR.TF(R/(T. (l. + XM.Y)))) 
XPQ = A/B 
PQ( M, N) = XPQ 
GO TO 1 
3 D = w. s. s 
E = s~sQRTF(R.T. (l. + (XM - l.) xY)) 
F = COSF(s.v.sQRTF(R/(T~(l. + (XM - 1-) ~Y)})) 
G = SINF(s. v. sQRTF(R/(Tx(l. + (XM - l.) . Y)))) 
Z = SlllSQRTF(RxT. (l. + XM. Y)) 
x = COSF(s.v.sQRrF(R/(T ~(l. + XM.Y)))) 
u = SINF(s. v. sQRTF(R/(T. (l. + XM. Y)))) 
IPQ = D - E-.F/G - z. JV'u 
PQ( M, N) = XPQ 
GO TO 1 
4 c = s. sQRTF(R .. T. (l. + XN. Y)) 
H = SINF(s. v. sQRTF(R/(T. (l. + XN-.Y)))) 
XPQ = G/H 
PQ( M, N) = XPQ 
GO TO 1 
7 CALL DEI'EBM (PQ,17,DET) 
PRINT 645,DET,S 
645 FORMAT(E20.8,F6.J) 
GO TO 12 
END 
The subroutine programme to be used with this programme is the 
same one as used in Appendix 1. 
If in the above programme the following values are used for 
w,R,T,Y and V (which are the values applied to the 11Floveyor"} a 
fUndamental critical speed of 13.1 radians/sec., is obtained. 
the matrix. 
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W = M = 0.00223 slugs 
S = LJ = range of values to search for the roots of 
R = ~ = 0.0028 slugs/ft. 
T = T = 2.55 lbs. 
y = k = 1. 




Consider the forces on the 
...-(~ 
Tt-JC. . \) I ') 
f Tt~x .. ,)e 
The tension in the string is linearly increasing and is equal 
to, T(kx + 1) where T is the initial tension. 
\ T Vertical component of tension T(kx + 1) + ~x(kx + l)dx is 
~x ::- T(kx + l)dx + T(kx + l)~ 
Vertical component of tension T(kx + 1) is 
T(kx + l)t 
The resulting difference ij upward and downward forces is 
!x: T(kx + l)dx = T(kx + l)~~ dx + Tk-: dx 
If the mass per unit length of the string is ' , then the 
mass of the string is e dx. 
Using a dirac ~ function to represent the concentrated loads 
as in Section (3.3), then 
"" 
T(kx + 1)~2~ + Tklz::. 
"bi 'bx 
k 2 
- <e +< M. ~(x - L.))~ Y2 L:.... 1 l. ~t 
i=l v 
= 0 
Let y = F(x)sin~t 
~ = F{x)'-"' coswt 
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d2y 2 
2 = -F(x)w sinwt dt 
dv dF(x) 
~ = dx sin"t 
d2y d2 ( ) 
2 = F ~ sin~t 
dx dx 
Substitute these in the above equations. 
2 
T(kx + 1) d:fi..x) 
dx2 
k 
+ TkdF(x) + (e + <; M. i>(x - L.)) ""2F(x) 
dx ~ 1 i 
1=1 
= 0 
Taking Laplace transforms, where F(O) = O at x = O & L • 
Tk(-~ )(p2F - pF(O) - Ft(O)) + T(p2F - pF(O) - F'(O)) ••••• 
p k 
• • • +Tk(pF - F(O),) + ew2 F + ~2 F(L1 )~ Mi e-pLi = 0 
i=l 






- Tkp + ew2 ) F + \#}-}_ F(L1)M.e-P1 i - TF 1 (0) = 0 i=l 1. 
This equation is a linear ordinary differential equation with 
variable coefficients and as such has no known standard solution. 
Hence approximate methods will be used to solve this problem. 
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APPENDIX 7. 
Assume a deflection curve of 
y = A sin !!I!. 
L 
The maximum kinetic energy for the string is 
L 
K~ = t J f (Y) 2dx 
0 
Assuming the motion to be harmonic, then 
y = y 
L 
K~ =ts e'-'2y2dx 
0 
Substituting for y and integrating. 
2 2 
K! - e~ AL 
--.L - 4 
For the masses, 
k k 
~ =~ 1Mi~2 = i iMi (y)2 
i=l 
2 . nnx· sin -1 
The total kinetic energy is, 
2 2 2 2 k 2 
K = K~ + K~ = e .. 
4 
A L + i '-' A ~ Mi sin n~i 
i=l 
The maximum potential. energy is, 
L 




Now the tension varies as follows. 
T(x) = T(kx + 1) 
where T is the init ial tension. 
Substituting and integrating. 
n2A21'92T (~ + 1) 
V = 4L 2 
The total energy of the system is, 
-# . ..,2A2L 2 2.; 2nnx· 
"'-= K-V = f 4 + i '-' A<. 11. sin .:.::.:::J..L I i=l l. 
By the principle of virtual work 
C)(f.) ::: 0 
~A 
Hence k 
2L 2 < 
(> ~ + '; ~ Mi 
1=1 
From which 
2 2 kL _ n n T(=z + 1) 
- k 2 
L(eL + 21_ M. sin n1'X
1
· i ) 
·-1 l. 1-
2 2 2 
n A -n- T (~ + l) 
41 2 
iL 
For the "Floveyor" the Mi ts are equal and xi = 18• 
. . . w 
2 2 kL = n 1S' T(;r + 1) 
i1 2 . 
L(~L + 2M.i_ sin n~~ ) 
i=l 
where n = l gives the fundamental critical frequency. 
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APPENDIX 8. 
Equation (J.52) is as follows. 
t2 x2 
( J ( o(j ~6Y) + vy· !(.6y) + vyt~by) 
) ~ ~ ~x ~t 
tl ~ 
Also 
x2 t2 t2 x x2 
(i) { { evY ~~y) dxdt = ev J dt(Y ~y \2 - ~ ~ c!x l 
x1 t 1 t 1 ~ xl l xOt 
x2 t2 2 
= - ev ~ { ~dmt 
~ tl ~xbt 
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x2 t2 x2 t2 t2 2 
(ii) f ( ('VY'~)dxdt = f" ~ dx(y• ~l - J ~~!at dt) 
~ tl ~ 1 tl 
x2 t2 2 





D" + 2vl..Y -
~t2 oxot 
This is the same as Equation (2.53) 
The solution to this equation is derived as follows. 
Let y =A cos('-l t + K(x)) • • K constant 
c,2 2 
then ~ = -A lAo) cos( w t + K(x)) 
~t 
2 
~~b~ = -Aw K cos( \A) t + K(x)) 
'b2 . 2 
~=-A K-cos( w t + K(x)) 
~x 
Substitution of these in equation (2.53)' results in the 
following. 2 
-A w2 cos(w t + K(x)) - 2vA~K cos( wt + K(x)) - (T - ev )~ cos( u> t+K(x)) 
~ 
= 0 
From which is obtained, 
The solution to K is given by, 
~ ! ... \--(2"""",-.'iV-~-!i!-)_2_+_4t_~-~ 
- T-! V 'l-ev T-ev 




x) + A-cos( '-.) t + w(ev - ~) x) 
--.:! T-, v 
+ A:2cos w (t+ E>(;-~ x) 
e<- -v ) 
~ m 
( v-f& + A:2cos w t+ - x) 
~ -v)i +v) 
• ( w x ) ( w x 
•• y = A:J_ cos '-l t + J:f + A:2co,s w t -~ ) 
--v -+v e e 
Boundary conditions for this problem are y = O, when 
x = 0 and L 
When x = 0 
Al=-~ 
y = A-r (cos( w t + IT:IT:w_xv ) - cos( w t - w x ) ) 
--1 ~ ~ + v 
When x = L 
w L WL 
O = ~(cos(w t + J! ) - cos( w t-~ 
--v -+v e e 
)) 
For this to be true, then 
..vL · w L 




..>L( ~ - v + ~ ) = 2n1'1 
2~ 





~L( 2lfi 2 ) = 2nw 
I.- ev 




Now x• = x + vt 
~x 1 = Ox + v()t 
( ~x•)2 = (C\x + v0t )2 
...... ? ~t 2 = ox- (1 + vii') 
Substituting this in the above equation. 
o2 T o2 2..,L__ y 
1>t 2 - e ~2(1 + v!! )2 
2 2 
tl (1 + v~t )2 = 1 LJ 
~t2 ox e ~x2 
2 2 2 
ll (1 + ~ + v2 ~ ) = I. U 
ot2 ox ox2 e ox2 
2 ~2 2 2 
~ + 2v!!..L + v2 o ~ = T U 
~ o tox ox e ox2 
~2 d2 2 ~ + 2v ~ = (T - v2) b 
ot2 ox~t e "'bx2 
As before in Sections (3.53) and (3.58) 
The solution to 
t{- T '(,2 
~ = - S!.J' 
ot2 e &r•2 
i( ..U t -Jf w x•) i( '-'> t +fe.wx•) 
y(x,t) = Ae + Be JT 
Now in the above equation, the termj! is the velocity of 
(> 
the stationary wave. 
x• 










"x• = x~ 
~ - v 
Since the stationary wave travels in both directions, there 
is another velocity component of - ~ , and the time to travel a 
distance x• is, -~' 
Substitute this in 
xt = x + vt 
Putting these values for x 1 
in the solution to (3.58). 
into Equation (3.57) will result 
i( wt-f~ x) 
y = Ae - v 
~ 
i( "' t _, x ) 
+ Ae - + v e 
i( ~ t + ~~ x ) 
+Be - - v 
~ 
'4\ X 
i( '-) t + ~ ) 
+ Be + v e 
Which is a very general form of Equation (3.59)· 
Putting in the boundary conditions of y(O) = y(L) = 0 
A=-B 
d . t . ~x an 1~ -i -
y = Ae ( e .[! - v e 
• Co\)X • ~ • \..)* 
+ e-~-: v -e~ - v -e~-: v ) 
i w t 
2 . ( . wx = - iAe sinre----
- - v e 
When y = 0 and x = L. 
104 






-+ v e 
= 0 
. ""'L s1nfp- = 
--v e 




l; - v 
I.A) 
= 21f n -FT 
-+v e 
l 1 
<II L( ! _ v + ! + v ) = 2 1t n 
fl +v +j! -v 
wL~e. T 2e ) = 2 Tf n - - v e 
Which is as before. 
2 
Ul _ n 1' (T - ev ) - L! e 
~ 2 




The transverse velocity along the cable has been previously 
- dy 9z. 
found to be va:; + dt • 
Hence the kinetic energy of the system is, 
L k 
K, = t ( e(v2+(vy•+y)2)dx + t < M.(v2+(vy! +y.)2) . J <... 1 i 1 x=i 
0 i=l 
Since the motion is harmonic • 
.Y= ~ y 
L k 
K, =ts e(v2+{vy•+ wy) 2)dx + t~ Mi (v2+(vyi. +y1)2) 
0 i=l 
Let y =A sin n~x be the assumed shape of the deflection 
curve. 
Hence, 
L 2 2 2 ~ 
K, = t J e (v2+ v2A2(nf )2cos n~ x + ..f-isin n1.x + v ..,~11 A siP.~n; x )dx 
• 0 
0 k 2 2 . i < (2 22(n1\ )2 2nit x 22 n]l_X. vn lt"WA ·n2nl\ x. 




+ i < M ( 2 2A2(nn )2 n~x. 
~ <::. i v +v L ccs L i 
i=l 
2 2 2 2 ~2 .. ... A . nl\ x. + vniswA i n rt x. ) 
+ ""' sin L 1 1 s n 1 1 







T kL v = 4L <2 + 1) 
• • 
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2 2 2 
or V = A n it (TkL + T + av2) 4L 2 ~ - if the centrifugal tension 
is taken into account. 
• • • 
By the principle o~virtual work. 
~( K1V) _ 
0 C.A -
+ Vn "ll' ~ 
L 
2 2 
n ,, T (~ + 1) = 0 
41 2 
2 
+ ~2 i Ill\Xi s n L . . . 
k 2 k 2 2 2 
\,.) 2( eL+2&1 Mi sin n~ xi)+ (2v~ TI ~1 Misin2n~ xi)+ev ~ 1T •• • • • 
• • 
2 2 2 k 2 2 2 
• +2v n; 2 M.cos n l\Lxi - n r T(lf1,2 + 1) = 0 
L i=l 1 
From which 
k ' 2 k 2 
2vn n ) < . 2 . 2n n- x. -2vn 1f ~ M i 2.nv. + 
= L. i 8 n 1 1 w i=l 2 
<(_ Mi sin -r;-1-
L ·-1 1-
k 2 
2( eL + 2~ Misin n~xi) 
i=l 
. . . . 
. . . . k 2 2 2 2k 2 ( < . nttx. )(n "TT 1-( 2 2v <:: n-n x. kL. -4 eL + 2<::'.'.: Misin """"11 L ~v +-r,-:c::
1
Micos "°'L 1 -T(-2 +l) 
i=l i-
k 
· < M · 2n~ x. will 1' n · al b -~ since <::_ isin -r;-1- our case give equ num er U.L 
i=l k 
masses each side of the centre, then i, sin2n~ xi = O 
i=l 
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. . . . 
In the particular case of the "Floveyor" k = 17 and x. ::: 18. 
1 
2 17; 2 ":'r- • 17 2 ..... . n2 2 . .... (vnn ) ~ . n h 1 ( < n " 1) ( ~) ...... = ---- sin ~ - ~L +2M.'- sin 18 ----1 L 9 1 =1 
• • • • 
i=l 
2 7 2 
2 2v M < n n- i ( 1rT 




17 . 2 l 
~L + 2M < sin n~ 
i=l 
. . . . . 
If the centrifugal tension is taken into account, only the 
potential energy term alters, and this results in, 
2- 2 17 22 n" • 1 7 2 . n2 2 w = (vnr) M- ?.. sin n{81 - ( ~L+2M2_ sin n~/H---f-) ••••• 
1=1 i=l 
. . . . 
2 17 2 
(£!.J:i < !,!!LJ.. (Tki + T)) L ~ cos 18 - 2 
1=1 
17 2 . 





SPEED R .PM 260 225 200 
DISC VELOCITY IN/MIN 12,300 10.600 9440 
MOTOR LOSSES WATTS 890 850 820 
NO-LOAD POWER WATTS 1000 980 920 
TOTAL POWER WATTS 3250 3200 3050 
POWER TO E LEVATE GRAIN WATTS 2250 · 2220 2130 
OUTPUT LB/MIN 1750 1820 1530 
OUTPUT IN/MIN 6!000 67,000 55,500 
-;, 
WHEAT DENSITY 46 lB/f"T 
TABLE IV-EXPERIMENTAL RESULTS FOR FLOVEYOR 
WITH FULL FEED HOPPER 
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TABLE 111 
SPEED R .PM 260 225 200 175 
DISC VELOCITY IN/MIN 12,300 10,600 9440 8350 
MOTOR LOSSES WATTS 890 850 820 800 
NO-l OA D POWER WATTS 1000 9BO 920 890 
TO TA L POWER WATTS 2100 2200 2100 2200 
POWER TO ELEVATE GRA I N 
WATTS 1100 1220 2180 1310 
OUTPUT LB/MIN II 80 1150 1210 1150 
OUTPUT 1t//M IN 43000 41000 43,800 41,600 
I 
w HE A r DE NS 1 r Y 4 6 L B / ,:-r ~ 
TABLE Ill,... EXPERIMENTAL RESULTS FOR F LOVE YOR 











SPEED R.P.M 50 100 150 200 
DISC VELOCITY IN/MIN 1220 2440 3660 4880 
MOTOR LOSSES WATTS 7. 5 I 2. 6 16.5 
NO-l OAD POWER WATTS 10 19. 2 30 
TOTAL POWER WATTS 15 21 .8 32.4 
POWER TO ELEVATE GRAIN 
WATTS 5 2.6 2 .4 
OUTPUT LB/MIN 24.2 32 34.2 
OUTPUT IN M IN 932 12 30 1310 
MILLET DENSITY 45 L8/FT
3 


















SPEED R.P.M 50 100 150 2CO 
DISC VELOCITY IN/MIN 1220 2240 3660 4480 
MOTOR LOS SES WATTS 7. 5 12 .6 16.5 23 
NO-LOAD POWER WATTS 10 19. 2 30 40 
NO-LOAD POWER & 
CHURNING WATTS 20 33 50 66 
TOTAL POWER WATTS 26 43 6 7. 5 81 
POWER TO ELEVATE GRAIN 6 10 17. 5 15 
WATTS 
OUTPUT LB/MIN 2 6.3 55 76.5 130 
OUTPUT IN/MIN 1010 2120 2940 5000 
MILLET DENSITY 45 L13/FT
3 




Tables of experimental results from Section 2. 
